The evidence of increased crossing over rate in tomato hybrids infected with TAV (Tomato aspermy virus), PVX (Potato virus X), TMV (Tobacco mosaic virus), TMV+PVX indicates the recombinogenic effect of viral infection. Cytological studies of the early diakinesis in healthy and virus-infected tomato revealed significant changes in chiasma number and position. The most significant changes were established for bivalents with two interstitial chiasmata and with one terminal and one interstitial. The data obtained indicate redistribution of the chiasmata position and induction of additional exchanges. The virus-induced recombination is segment-specific and depends on the host plant genotype, virus infection and the interaction between them.
Introduction
Considerable evidence has accumulated to date suggesting the possibility of increasing recombination frequency and spectrum through the use of chemical, physical and biological factors and by the interaction of these with environmental conditions [1, 2] . Inducers of genetic variability include phytopathogenic viruses which, according to some authors, can be used to produce recombinants [3] [4] [5] [6] . At the same time, studies addressing specific features of crossing-over modification in virus-infected plants are few and far between.
The modification process of chromatid segment exchange within homologous chromosomes can be understood by evaluating chiasma distribution in meiotic prophase I and recombination frequency in marked segments. Chiasmata are considered to be the cy-tological expression of crossing-over and, therefore, their number and distribution reflect the location and degree of chromosome pairing [7] . Cytogenetically, bivalent configurations at different stages of meiosis permit evaluation of chromosome pairing. According to some authors [8] [9] [10] the proportions of various types of bivalents can be used to assess modifications in genetic variability release. Changes in chiasma distribution pattern during diplotene-diakinesis can offer a sure method for estimating the effect of genetic factors and environment on recombination frequency and spectrum [2] . The available techniques can be used to detect changes in recombination rates of virus-infected plants. The objective of the present work is to study crossing-over in tomato plants and the way it is affected by viral infection, host plant genotype, experimental environmental conditions and by the interaction of these factors.
Experimental procedures

Biological material
The plant material used in this study were tomato (Lycopersicon esculentum Mill, 2n=24) cultivars Licuric, Nistru, Prizer and Fakel, tomato F 1 intracultivars hybrids Nota × Krasnoârskij rannij, Novicok × Kolokolcik, Mo 393 × Victorina as well as F 1 hybrids heterozygous for recessive linked genes d-aw (chromosome 2), ful-e (chromosome 4), c-m-2 (chromosome 6) and hl-a (chromosome 11). The gene symbols and localization are as in Atherton and Rudich [11] . The mutant lines M • 393 (c-m-2 /++), M • 500 (c-m-2 /++; d-aw /++), 504 (d-aw /++) and M • 628 (ful-e/++; hl-a/++) [12] , were used as parental stocks to produce F 1 hybrids heterozygous for marker analysis. Plants were grown in pots in the greenhouse following a standard technique.
Virological analysis
Control plants were mock inoculated with healthy tomato extract. Experimental plants at the stage of 6-8 leaves were infected with Tobacco mosaic virus (TMV), Potato virus × (PVX), Tomato aspermy virus (TAV) and the TMV+PVX combination. Further work involved material collected from plants showing external disease symptoms and found to contain virions in flower buds undergoing meiosis. Controls were healthy plants which responded negatively to virological test at the time of collecting flower buds undergoing meiosis or fruit from F 1 plants prior to removal of seeds from them. In the case of TMV infection, seeds of all treatments were exposed to a temperature of 70
• C for 72 hours.
Presence of virions in infected plants and their absence from healthy plants was established through ELISA [13] and ISEM [14] tests. Immunological analysis was carried out using a monovalent serum and diagnostic kits.
Cytological analysis
For cytogenetic analysis, flower buds undergoing meiosis were fixed following the method of Clarke [15] . Chiasma frequency was measured based on the studies of temporary preparations obtained by acetocarmine staining [15] and studied under light microscope BIOLAR. Bivalents were grouped by configuration according to chiasma number and positions during diakinesis [16] : 1 interstitial (I), 2 interstitial (II), 1 terminal (T), 1 interstitial + 1 terminal (I+T), 1 terminal + 2 interstitial (T+II), 2 terminal (TT), 2 terminal + 1 interstitial (TT+I), and univalents (0). Total number of interstitial chiasmata (SI), terminal chiasmta (ST) and the overall number of chiasmata (S) per pollen mother cell (PMC) were assessed simultaneously.
Statistical analysis
The experiments were conducted during 1984-2002. The statistical processing of data was carried out using analysis of variance [17] . The contribution of variation sources was computed following the method of Dospehov [18] 
Results
Cytological analysis
Diakinesis is the best cell stage for estimation of chiasmata frequency, because pseudochiasmata resulting from the twisting of bivalents cease to be observed in this stage and pseudoterminalization due to contraction of bivalents is less prominent than in metaphase I [19] . The cytological studies of the early diakinesis established typical meiotic bivalent figures in healthy and virus infected tomatoes (7 cultivars and hybrids) (Figures 1a -1e) . Meiotic spreads analysis at diakinesis showed in tomato pollen mother cells the normal bivalent number (n = 12) (Figures 2a and 2b) . Results show that the difference between treatments consist only in numerical variations of the bivalent types. The experiments conducted have demonstrated that tomato plants infected with TAV and the TMV + PVX combination responded by increasing the total chiasma number per PMC (Table 1 ). Significant differences have been observed for all host-virus combinations. The greatest changes recorded were those in the number of interstitial chiasmata. The data presented in Table 2 suggest that variation in interstitial chiasmata per PMC is due to viral infection (71.88%), the genotype (6.82%) and the interaction of these (11.26%).
Analysis of variance revealed a significant effect of the genotype and viral infection on the majority of bivalents, as well as a very strong interaction of these factors. The number of bivalents with one interstitial chiasma and two terminal chiasmata was not Table 2 Analysis of variance by bivalent type in virus-infected tomato plants.
changed by the viruses studied. For the T+II configuration, a compensation effect was observed: the number of bivalents with 1 interstitial chiasma and 2 terminal chiasmata increased following infection of tomato plants with the TMV+PVX combination and decreased upon infection with TAV. The evaluation of percent contribution of variation sources has revealed that, upon infection of tomato plants with TAV or TMV+PVX, the number of bivalents with 1 terminal chiasma varied the most, followed by bivalents with 1 terminal chiasma + 1 interstitial chiasma and, finally, bivalents with 2 interstitial chiasmata. The number of bivalents of the first type decreased whereas that of the second and third type increased, suggesting that the interstitial chiasma frequency in infected tomato plants increases due to the greater number of bivalents with 1 or 2 interstitial chiasmata.
The distribution of bivalent types into groups according to the correlations between them was carried out with the aim of ascertaining whether there is a direct relationship between the total number of chiasmata and the particular bivalent type. Based on the dendrograms presented in Figure 3 , the pattern of the within-cluster distribution of bivalents in treatments was found to be different from that in the control. Analysis of the 4 virus-genotype combinations by the Nearest Neighbor Method according to the degree of correlation showed redistribution of bivalents within clusters by both the total chiasma number and the bivalent type.
Analysis of crossing-over in marked segments
Recombination frequency estimated for tomato plants inoculated with three viruses and a mixed infection reveals recombinogenic effect of virus infection which varies according to the host and pathogen genotype, chromosome segment under study, experimental environmental conditions (replications per year) and interaction of these factors (Tables 3, 4 
and 5).
All the viruses used induced significant changes in the frequency of recombination in some of the segments studied, but not in all segments and not in all genotypes used in the experiments. For example, the Mo 393 × Mo 504 hybrid responded to TMV-infection by a significant decrease in the rate of recombination between markers d and aw. The level of recombination in the c-m-2 segment of this TMV-infected hybrid remaining unchanged. Table 3 Frequency of crossing-over (%) in tomato plants as a function of the virusgenotype combination.
The same effects were observed in treatments in which tomato plants were infected with TAV, PVX and TMV+PVX. Thus, the F 1 hybrid Mo 500 × Krasnoârskij rannij infected with the TMV+PVX combination showed significant changes in rf in the d-aw segment but not in the c-m-2 segment. In case of the Fakel × Mo 628 hybrid infected with TAV, significant differences have been noted for rf hl−a , whereas rf ful−e was the same as in healthy plants. The level of rf d−aw decreased by 23.42-41.45% when genotypes were infected with TMV and increased by 53.22% and 48.09%, when these genotypes were infected with TAV or TMV+PVX, respectively. It is worth noting that where there is no significant difference in recombination frequency, the recombinogenic effect of the factor examined cannot be ruled out. Analysis of variance indicates that rf c−m−2 was significantly affected by both the genotype and viral infection. The percent contribution of different sources of variation to the rf modification in the c-m-2 segment estimated for 8 virus-genotype combinations was as follows: virus infection -31.19%, genotype -36.06%, virus-genotype interaction -24.68% (Table 4) .
In our experiments the rate of recombinants in the segments studied in healthy plants varied from one year to the next, the differences being statistically significant in some cases. Thus, rf d−aw varied from 9.01±0.43 to 12.75±0.85, and rf hl−a ) from 17.38±2.07 to 22.28±2.80 (Table 5 ). This suggests that crossing-over rate variations were due to different environmental conditions to which F 1 hybrids were exposed during their growth. At the same time, infection of plants with TMV affected the frequency of recombination between markers such that the differences between treatments and the control expressed in percentages were approximately the same for 3 experiments in 3 different years ( Table 5 ).
Analysis of variance has shown that rf d−aw and rf c−m−2 were strongly affected by the genotype and environmental conditions, but not by the interaction between these factors, during the years of the experiments. For segment hl-a on chromosome 11, the effect of environmental conditions or virus was statistically significant at 1%, and the effect of the interaction of these factors at the significance level of 0.1%. Experiments were conducted in different years on non-infected Mo 393 × Mo 504 hybrid (replications 2 and 3 compared to replication 1). *; *** -significant at P ≤ 0.05; 0.001 Table 5 Recombination frequency in some marked segments of TMV-infected tomato plants in replications over years.
Discussion
Chiasma distribution and frequency are two important parameters to examine in crossingover analyses [19] . We observed significant modifications in the positions of terminal and interstitial chiasmata in tomato plants infected with TAV or TMV+PVX. According to early investigations [20] the interstitial chiasmata can move to a terminal position. Apart from the chiasmata terminalization theory, the viewpoint held by the most authors is that chiasma localization reflects the position of exchange [21, 22] . Analyses of labelling patterns in autoradiographs in X 2 -labelled diplotene bivalents showed that chiasma terminalization is not expected to produce gaps [23] . The theory of chiasmata terminalization was refuted by BrdU labeling techniques [24, 25] . So-called terminal chiasma were best interpreted by an achiasmatic terminal association [26] resulting from the telomerenuclear membrane association [19] . A previous study demonstrates that interstitial chiasmata do not move [16] , which implies that a terminal association cannot be formed by chiasma terminalization. Generally, chiasma terminalization results in an overall reduction in number of chiasmata in bivalents, and in chiasmata being concentrated at or near the bivalent ends. We did not observe these phenomena. Moreover, the terminalization coefficient in healthy and infected plants was similar and varied from 0.68 in TMV+PVX-infected plants to 0.77 in healthy plants. Variation in chiasma frequency and localization is genetically controlled [27] , and chiasma distribution can be used in specimen studies [28] . Our results suggest that, following infection of the genotypes under study with TAV or TMV+PVX, redistribution and induction of new exchanges of chromatid segments occurred. Similar effects were observed in plants carrying supernumerary B chromosomes which induce changes in pairing of A chromosomes and in frequency and distribution of chiasmata within chromosomes [29, 30] . According to Bell and Burt [31] , exogenous DNA induces chiasma redistribution as a result of an increase in the number of interstitial chiasmata, and a concurrent decrease in the number of terminal chismata. Such redistribution is significant because it increases recombination of genes localized in the same linkage groups. It should be noted that a similar chiasma distribution was observed in our experiments following the infection of tomato plants with RNA viruses which are regarded also as parasites at the genetic level [32] . The virus-infected tomato plants also exhibited modification of the rate and spectrum of recombination [6] .
Changes in the number of recombinants in segregating populations following the infection of F 1 hybrids with viruses were also demonstrated through estimation of crossing-over in marked segments. Significant deviations from the control in the number of recombinants between genetic markers localized on chromosomes 2, 6 and 11 were observed. This could be due to crossing-over rate modification or to phenotypic expression of markers in F 2 populations. Sorghum (Sorghum bicolor L., Moench) plants infected with Sugarcane mosaic virus showed distortion of segregation for seedling color and ligule expression in segregating progeny [33] . In our experiments, significant deviations from the 3:1 segregation ratio were not observed for any analyzed markers. These results indicate that the differences between treatments and the control in the number of recombinants are due to modifications of recombination frequency in marked segments in the virus-infected F 1 hybrids. These observations are corroborated by changes in the number and spectrum of chiasmata per PMC in virus-infected plants. Thus, TMV, TAV, PVX and the TMV+PVX combination can be regarded as inducers of recombination in tomato.
Our results are consistent with the induced recombinogenesis peculiarities described in the literature. It has been shown that a single factor can bring about diametrically opposite changes in different segments, and a single segment responds in different ways to different factors [2] . Similar results were obtained when tomato plants were infected with TMV, TAV, PVX and TMV+PVX. Upon infection with viruses, some segments responded by changes in the number of recombinants, whereas other segments appeared to be more inactive. Among the former is the d-aw segment on chromosome 2. Crossingover rate was considerably reduced in hybrids infected with TMV and increased in those infected with PVX, TAV and TMV+PVX. At the same time, no changes in recombination frequency in the ful-e segment were observed in TMV-or TAV-infected plants, and significant deviations of rf c−m−2 were noted in one of the eight treatments. This suggests that modification of crossing-over rate in virus-infected tomato plants depends on the segment under study, and on the genotype of the host plant and of the virus applied.
The frequency and spectrum of recombinants are also affected by the environmental conditions to which F 1 hybrids are exposed during their growth. Factors such as temperature, moisture deficit and excess of nutrients can bring about modifications in the genetic structure of segregating populations [34] . The results from experiments conducted in different years on TMV-infected F 1 hybrids are consistent with the above results. In the same experiments, the interaction of a virus and environmental conditions was found to affect the recombination frequency in the segments under study to a lesser extent than either of the factors acting singly. This is significant from the standpoint of using phytopathogenic viruses as inducers of genetic variability. Of special interest are those recombinogenic factors whose activities are not greatly influenced by other factors [2] .
Deviations from the normal segregation ratio in populations derived from hybrids infected with viruses were reported in maize. Barley stripe mosaic virus, Wheat streak mosaic virus and Lily ringspot virus have been shown to be responsible for the aberrant ratio phenomenon in maize [35, 36] which persists for a few years in the infection-free progeny of virus-infected plants [37] . Aberrant lines are characterized by the occurrence of unstable alleles, chromosome breaks and stable mutations. The results obtained by us during 1984-2002 are different from those obtained by the above authors and suggest that the variations observed were due to modification of crossing-over rates in virus-infected plants.
